Abstract: High-risk human papillomavirus (HPV) infection is a common cause of oropharyngeal squamous cell carcinoma, especially in young male nonsmokers. Accurately diagnosing HPV-associated oral cancers is important, because they have a better prognosis and may be treated differently than smokingrelated oral carcinomas. Various methods have been validated to test for high-risk HPV in cervical tissue samples, and they are in routine clinical use to detect dysplasia before it progresses to invasive disease. Similarly, future screening for HPV-mediated oropharyngeal dysplasia may identify patients before it progresses. Our objective was to compare 4 of these methods in a retrospective series of 87 oral and oropharyngeal squamous cell carcinomas that had archived fresh-frozen and paraffin-embedded tissue for evaluation. Patient age, sex, smoking history, and tumor location were also recorded. DNA prepared from fresh-frozen tissue was tested for HPV genotypes by multiplex polymerase chain reaction analysis, and high-risk HPV screening was carried out using Hybrid Capture 2 and Cervista. Histologic sections were immunostained for p16. HPV-positive outcome was defined as agreement between at least 2 of the 3 genetic tests and used for w 2 analysis and calculations of diagnostic predictive value. As expected, high-risk HPV-positive oral cancers were most common in the tonsil and base of the tongue (oropharynx) of younger male (55 vs. 65 y) (P = 0.0002) nonsmokers (P = 0.01). Most positive cases were HPV16 (33/36, 92%). Hybrid Capture 2 and Cervista were as sensitive as polymerase chain reaction and had fewer false positives than p16 immunohistochemical staining.
I
t is well accepted that the human papillomavirus (HPV) causes squamous cell carcinoma of the cervix, 1,2 anus, 3 as well as in the oropharynx. [4] [5] [6] [7] [8] [9] [10] Recent trends suggest that the recognition of invasive HPV-positive oropharyngeal cancers in the United States is increasing, and the number of invasive cervical cancers is decreasing because of improved patient screening. 6, 11 Therefore, identifying accurate and practical high-risk HPV assays to screen for oropharyngeal cancers is important, especially as these viral-mediated carcinomas may be treated differently and have significantly better prognoses compared with smoking-related oral squamous cell carcinoma. 9, [12] [13] [14] The clinical success of accurate and practical cervical dysplasia screening is responsible for the >50% drop in invasive cervical carcinoma prevalence in the past 50 years. 11 Liquid-based cytology and high-risk HPV testing have significantly improved screening sensitivity, which is now approaching 99%. 1 In fact, a negative HPV test coupled with a negative cytology result provides sufficient negative predictive value to allow for screening every 3 to 5 years. 1 The frequency of subclinical high-risk HPV infections in the oropharynx is currently unknown, but it is likely that methods developed for cervical screening will also be employed when screening for preinvasive oropharyngeal dysplasia. [15] [16] [17] [18] [19] [20] [21] At present, only a few small pilot studies have been published testing the efficacy of FDA-approved and widely used cervical HPV screening assays like Hybrid Capture 2 (Qiagen hc2; Qiagen Digene, Valencia, CA), 18 or Cervista (Hologic, Marlborough, MA), 19 in head and neck cancers. Therefore, our objective was to compare the predictive value of these tests using polymerase chain reaction (PCR) and p16 in a cohort of 87 oral and oropharyngeal carcinomas.
MATERIALS AND METHODS

Head and Neck Squamous Cell Carcinoma Samples
Using an IRB-approved protocol, we retrospectively identified and retrieved Oregon Health & Science University archived cases of oral squamous cell carcinoma that had both fresh-frozen tissue for DNA extraction and paraffin-embedded tissue blocks for histologic sectioning. These selection criteria yielded 87 confirmed cases for analysis. Chart review recorded sex, age, and any reported smoking history.
Hybrid Capture 2 High-risk HPV Testing
A portion of each frozen tissue specimen (10 mg) was used for DNA extraction for the Hybrid Capture 2 assay per manufacturer's instructions (Qiagen Digene). Briefly, this assay is an in vitro nucleic acid hybridization microplate assay to detect 13 high-risk HPV genotypes (types 16, 18, 31, 33, 35, 39, 45 , 51, 52, 56, 58, 59, and 68). It uses RNA probes targeted to these high-risk genotypes and then an antibody against RNA:DNA hybrids conjugated to an alkaline phosphatase reporter. Cleavage of the chemiluminescent substrate results in light emission, which is measured using a luminometer. For each specimen, relative light unit/cutoff (RLU/CO) values are calculated as the ratio of the specimen luminescence relative to the average luminescence of 1.0 pg/mL of high-risk HPV standard. An RLU/CO value of >1.0 was considered as a high-risk HPV-positive result; <1.0 was a negative result. Any RLU/CO values from 1.0 to 2.5 were retested. Four positive and 4 negative controls were run with each experiment per clinical guidelines employed for routine cervical sample testing in our CLIA-approved laboratory.
Cervista High-risk HPV DNA Testing
A separate portion of each frozen tissue sample (10 mg) was suspended in Thinprep media (Hologic), yielding a concentration of 4 mg tissue/mL. Unfortunately, 31/44 of the oropharyngeal biopsies and 2 tongue biopsies did not have sufficient tissue for Cervista testing; therefore, only 54/87 of the available samples were screened for 14 high-risk HPV genotypes (types 16, 18, 31, 33, 35, 39, 45 , 51, 52, 56, 58, 59, 66, and 68) according to the manufacturers' instructions (Hologic) using the Cervista platform and HPV Invader HR Molecular Assay (Hologic). Briefly, high-risk HPV-specific oligonucleotides cycle rapidly on and off the target DNA, creating substrate for the proprietary Cleavase enzyme (Hologic). The action of the enzyme results in the production of cleaved 5 0 oligonucleotide flaps, which subsequently bind a universal hairpin fluorescence resonance energy transfer oligonucleotide that creates a second substrate for the Cleavase enzyme. Cleavage of this bond yields a fluorescent signal measured using the Tecan Infinite Microplate Reader (Hologic), representing a positive result. Human histone 2 was assayed in each mixture as an internal positive control.
Multiplex PCR HPV Genotyping
DNA was extracted from a portion of the frozen tissue (10 mg) using Trizol (Life Technologies, Grand Island, NY) for PCR analysis of 21 high-risk HPV genotypes (types 16, 18, 26, 31, 33, 35, 39, 45 , 51, 52, 53, 56, 58, 59, 66, 67, 68, 69, 70, 73, and 82) and 4 low-risk genotypes (types 6, 11, 42, and 44). Genotyping was performed by Diatherix Laboratories (Huntsville, AL) using a published protocol. 22 Briefly, the nested PCR master mix contained type-specific primers for the E6/E7 region to amplify the 25 genotypes. An endogenous positive-control gene iduronate 2-sulfatase was also amplified as a DNA quality control for each sample. HPV types and the control gene were amplified in a single multiplex PCR reaction that labeled PCR products with biotin for purification. The genotypes were determined using a suspension array for multiplex detection on a Luminex 100 instrument (Luminex, Austin, TX) and sequence-tagged beads specific for each HPV type and control gene (iduronate 2-sulfatase; Genaco Biomedical Products Inc.). The hybridization reaction was read by a Qiagen LiquidChip. Any bead fluorescing above a predetermined threshold was considered to be bound to PCR product, indicating that particular template was present in the PCR reaction. Known positive and negative controls confirmed specificity.
P16 Immunohistochemical staining
Formalin-fixed and paraffin-embedded histologic sections of each tumor biopsy were immunostained for p16
INK4a23,24 per manufacturer's instructions (CINtec; mtm/Roche laboratories AG, Heidelberg, Germany) using a Ventana BenchmarkXT autostainer (Ventana Medical Systems, Tucson, AZ). Sections were counterstained with hematoxylin and scored as either positive or negative for at least focal (10% of tumor) strong diffuse staining per recommended guidelines widely employed for HPV-mediated cervical cancer. 25 
Statistical Analysis
Cases were considered true positive for high-risk HPV if at least 2 of the 3 genetic tests were positive (PCR, Hybrid Capture 2, or Cervista). The sensitivity, specificity, overall accuracy, and predictive value of each test were calculated using 2Â 2 contingency tables with binomial 95% confidence intervals (CI). Associations between positive HPV test outcome and patient metrics (ie, sex, smoking status) were evaluated by w 2 analysis with post hoc correction for multiple comparisons. Relationships between patient's age relative to sex, smoking status, and HPV-mediated cancer was determined by 2-way analysis of variance (ANOVA) with Bonferroni post hoc correction.
RESULTS
A total of 87 oral and oropharyngeal squamous cell carcinoma cases were identified in our tissue bank that had both fresh-frozen samples for DNA extraction and paraffin blocks for histologic confirmation by 2 surgical pathologists (J.E.H. and T.K.M.) and p16 immunohistochemical staining. The oral biopsies were obtained from various sites, including the oropharynx [tonsils (n = 25) and base of the tongue (n = 19)], larynx (n = 19), and the remainder of the oral cavity [ie, floor of the mouth (n = 10), roof of the mouth (n = 6), and remainder of the tongue (n = 8)]. Less than half of these archived cases were positive for high-risk HPV in at least 2 of the genetic assays (36/87, 41%; Table 1 ). Most of the high-risk HPV cases were type 16 (33/36, 92%) and came from the oropharynx (tonsil or base of the tongue) ( Table 2) , whereas the larynx, floor of the mouth, tongue, and roof of the mouth were only rarely positive for high-risk HPV (total of 3/43, 7%; Table 2 ).
We observed 2 potential false negatives by multiplex PCR testing, if one accepts positive agreement between Hybrid Capture 2 and Cervista as sufficient evidence for a positive high-risk HPV infection (Table 1) . However, these 2 cases were also negative for p16 immunostaining; therefore, we cannot exclude the possibility that Hybrid Capture 2 and Cervista results may instead be false positives. We elected to use the former rather than the later as gold standard outcomes for test accuracy analysis (Table 3) , because p16 immunohistochemical staining is known to be less reliable in head and neck cancers 9 and our results also show that p16 staining leads to both false positives (n = 5/ 51, 10%) and false negatives (1 to 3/36, 3% to 8%) ( Tables 1, 2 ). In our laboratory, the overall test accuracy was lowest for p16 immunostaining (91%) compared with the other 3 high-risk HPV tests (97% to 100%) ( Table 3) . The negative predictive value of a negative p16 test was more reliable [94 (95% CI, 83-99) than the positive predictive value [87 (95% CI, 72-96)], despite the high prevalence of high-risk HPV (41%).
Similar to other recent studies, 26 we observed an inverse relationship between patient age and positive highrisk HPV status (Table 4) . Positive cases were more likely to be younger males (n = 30 cases; mean age 55 ± 1.6 y) compared with HPV-negative males (n = 34; mean age 65 ± 1.9 y) (P = 0.0002). HPV-positive male nonsmokers were also younger (53 ± 2.6 y) compared with HPV-negative male nonsmokers (70 ± 6.2) (P = 0.01). In our sample of 23 females patients, there was no statistically significant relationship between positive high-risk HPV, patient age (65 ± 3.6 vs. 60 ± 2.5 y) (P = 0.31), or smoking status (P = 0.59), but female patients tended to be less likely to be HPV positive (26% of cases vs. 47% of male patients) (P = 0.08), despite having the same frequency of oropharyngeal cancer (11/23 female vs. 33/64 male patients).
DISCUSSION
Head and neck squamous cell carcinomas are the sixth most common type of cancer worldwide with approximately 600,000 cases reported each year. About 10% of these cases arise in the tonsil or base of the tongue. 6, 11 Although smoking and alcohol use remain the leading causes of oral cancer, high-risk HPV infection is now recognized as the leading cause of oropharyngeal carcinoma, especially in younger nonsmoking males. 4, 12, 26 It is interesting that carcinomas of the tonsil and base of the tongue, in particular, show the greatest prevalence of HPV compared with the low prevalence in other oral cavity carcinomas. 27 Indeed, recent studies suggest that one reason HPV may be more likely to cause cancer in the cervix, anus, and tonsillar ring is similarities in immature cells at the transformation zone between squamous and glandular mucosa at these locations. 28 Oropharyngeal cancers are usually diagnosed when there is a grossly visible lesion or metastatic disease, 14 similar to methods used for cervical cancer before the pap smear cytology revolution of the last century. Not surprisingly then, outcomes in oropharyngeal cancers are generally less favorable when compared with cervical cancers, which are much more likely to be identified and treated while they are still in situ. To detect oropharyngeal cancer before it becomes invasive, it seems inevitable that clinicians will eventually utilize the same preemptive screening approach to the tonsillar ring that has proven to be so effective in preventing cervical malignancy.
Despite the growing number of requests for HPV testing of head and neck biopsies, many laboratories are uncertain about the best diagnostic methods for testing, especially when balancing accuracy with practical considerations such as test complexity and availability. Most CLIA-approved clinical pathology laboratories use FDAapproved and/or internally validated cervical HPV screening tests such as Hybrid Capture 2 or Cervista, to evaluate cervical pap smears. They then use indirect assays like p16 immunohistochemical staining in cervical biopsies as a specific marker of HPV-mediated neoplastic transformation. [23] [24] [25] Nonetheless, most head and neck surgeons, managing patients with oral squamous cell carcinomas, request HPV confirmation by PCR analysis, which is a more complex test that is usually available in only specialized reference laboratories. Of course, sending biopsies to off-site reference laboratories affects cost, turnaround time, and complicates the logistics of samplelinked diagnostic reporting.
In our study, we compared the test accuracy of PCR to more widely available clinical HPV tests like Hybrid Capture 2, Cervista, and p16. In the 1990s and early 2000s, PCR or in situ hybridization were the detection HPV testing was considered "gold standard" positive if at least 2 out of 3 high-risk HPV genetic testing methods agreed. Cases were considered negative if PCR, Hybrid Capture 2, and Cervista testing were negative. This yielded 36 positive and 51 negative outcomes for comparison with each individual test. The prevalence of high-risk HPV in this cohort was 41% (36/87), because of selection bias based on increased numbers or oropharyngeal squamous cell carcinomas (44/87) in our sample. *33/87 samples were not tested by Cervista due to insufficient tissue for analysis. Overall accuracy is the weighted average of the test's sensitivity and specificity relative to the prevalence of high-risk HPV in the sample.
CI indicates confidence intervals; HPV, human papillomavirus; PCR, polymerase chain reaction.
methods of choice for HPV testing in cervical biopsies. However, after Hybrid Capture 2 was introduced as a less complicated assay, 21 it soon replaced PCR and in situ tissue assays for routine clinical testing by nearly all clinical pathology laboratories. Although a few laboratories may use in situ hybridization for HPV, or new multiplex PCR platforms, like the one employed in our study, most employ Hybrid Capture 2 (Qiagen, Digene) or Cervista (Hologic) for cervical HPV testing. Notably, an advantage of HPV in situ assays may be improved specificity for potential neoplastic transformation compared with the more sensitive PCR, or Hybrid Capture 2 assays, 29,30 but it is not as specific as p16 staining. 31 In situ hybridization is also unlikely to be used to screen for high-risk HPV in future oropharyngeal cytologic studies. 32 Nonetheless, the ability of in situ hybridization to improve the positive predictive value for clinically significant HPV infections may be an advantage. Indeed, the problem with PCR, Hybrid Capture 2, and Cervista when screening cervical specimens is judging the clinical significance of a positive test. Positive HPV tests are common, whereas HPV-mediated carcinoma is uncommon. 1, 2 That is to say, many sexually active women and men are positive for high-risk HPV, but the infections are most likely transient and eventually cleared by the immune system. Indeed, the prevalence of high-risk HPV is so high in young sexually active women that mandatory HPV cotesting is not recommended until after the age of 29. 1 As many as 66% of atypical cervical pap smears are positive for high-risk HPV, whereas the frequency of squamous cell carcinoma is <0.5%. 2 The prevalence of high-risk HPV infection in oropharyngeal pap smears from the general population is currently unknown, but we suspect there will be similar positive predictive value problems due to transient non-neoplastic infections. Moreover, this problem of poor positive predictive value will be further exacerbated as vaccines decrease the prevalence of high-risk viral infection in both male and female patients. 33 Negative predictive values will remain excellent, but positive HPV test results will be even less likely to be accurate and/or clinically relevant.
This could be especially true when using very sensitive assays like PCR. In fact, others have shown that about 15% of oropharyngeal carcinomas that are positive for high-risk HPV by PCR have low viral loads and are negative for neoplastic E6/E7 expression. 9 Our data did not reveal any cases positive for PCR that were also not considered positive by either Hybrid Capture 2 or Cervista. However, we did have 2 unexpected cases that were negative by multiplex PCR and were positive by the other 2 clinical tests. Thus, either our PCR results were false negatives, or the other 2 tests were false positives. Internal controls were intact for both PCR and Cervista tests in both cases, which suggest the discrepancy was not a technical issue. One possible explanation could be disruption of the HPV L1 gene during integration into the host cell's genome, 13 affecting the PCR primer site(s) in these 2 cases. This would not be entirely unusual but would require essentially no intact episomal HPV DNA in these 2 samples. We did not sequence these 2 cases; therefore, we consider the results in these 2 cases not entirely conclusive despite including them as 2 false negatives in our overall accuracy calculations. Irrespective of these 2 cases, however, our data suggest that commonly employed clinical tests used to screen for high-risk HPV in cervical pap smears like Hybrid Capture 2 and Cervista have very similar overall accuracy as PCR. No cases positive by PCR were negative by Hybrid Capture 2.
In cervical biopsies, p16 immunohistochemical staining is often used to improve the positive predictive value for neoplastic transformation and diagnose carcinoma at least in situ. [23] [24] [25] This appears to be generally true for cervical biopsies because the cause of neoplastic transformation in the cervix is almost always related to persistent high-risk HPV infections leading to genomic integration of the virus and E6/E7 oncogenic upregulation of indirect markers like p16. 23 The p16 immunostained pap smears are currently being developed to improve their positive predictive value and reduce the number of unnecessary surgical biopsies, 34, 35 but this assay has not yet been approved for routine clinical testing. In addition, it is important to recognize that oropharyngeal cancers 9 and other types of carcinoma 36 may show diffuse strong p16 staining independent of HPV infection. Our study and others 9 have shown false-positive p16 rates ranging from 10% to 15%. This is most likely because p16 is a tumor suppressor gene that may be upregulated in any cancer but is nearly always upregulated in HPVmediated carcinomas. 23 Another possibility may be variability in "scoring" p16 as either positive or negative. One recent study suggested that an optimal cutoff point of 35% staining of the tumor for p16 may provide the best sensitivity and specificity. 9 However, criteria already established for scoring p16-stained cervical biopsies, such as at least focal diffuse full-thickness staining, 25 appeared to provide excellent negative predictive value in our study. When employing p16 immunohistochemical staining in oropharyngeal cancers, in the absence of concurrent HPV testing, it seems best to rely on its negative predictive value, 94% (95% CI, 83-99). The positive predictive value for high-risk HPV may be as low as 72% in our sample; therefore, in our opinion, p16 staining should not be the sole test to determine the HPV status, or to guide the clinical management.
Our data support the hypothesis that high-risk HPV may reliably be detected by Hybrid Capture 2 or Cervista, compared with PCR testing in fresh tissue samples of head and neck squamous cell carcinomas. Our analysis of 87 cases is the largest to date testing the efficacy of Hybrid Capture 2 18 or Cervista 19 in oral carcinomas. It is also the first to our knowledge to directly compare Hybrid Capture 2 with Cervista in oral carcinomas. Unfortunately, many of our tonsillar biopsies had insufficient tissue for all 3 genetic tests, and Cervista testing was not performed in those cases (33/87) . Because the remaining cases had a lower prevalence of high-risk HPV (fewer tonsil cases), the negative predictive value reported for Cervista may be biased. Nonetheless, there was complete agreement between Cervista and Hybrid Capture 2 in all 54 cotesting cases. In addition, we did not have liquid-based cytologic specimens to compare with our fresh-frozen tissue samples. This comparison should be done in future prospective studies, as clinical screening will likely use cytologic brushings to test the tonsillar ring for high-risk HPV.
